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Abstract
1.	 The	use	of	plant	traits	to	predict	ecosystem	functions	has	been	gaining	growing	
attention.	Above-ground	plant	traits,	such	as	leaf	nitrogen	(N)	content	and	specific	
leaf	 area	 (SLA),	 have	been	 shown	 to	 strongly	 relate	 to	 ecosystem	productivity,	
respiration	and	nutrient	cycling.	Furthermore,	increasing	plant	functional	trait	di-
versity	has	been	suggested	as	a	possible	mechanism	to	increase	ecosystem	carbon	
(C)	 storage.	However,	 it	 is	 uncertain	whether	below-ground	plant	 traits	 can	be	
predicted	by	above-ground	traits,	and	if	both	above-	and	below-ground	traits	can	
be	used	to	predict	soil	properties	and	ecosystem-level	functions.
2.	 Here,	we	used	two	adjacent	field	experiments	in	temperate	grassland	to	investi-
gate	 if	above-	and	below-ground	plant	 traits	are	 related,	and	whether	 relation-
ships	between	plant	traits,	soil	properties	and	ecosystem	C	fluxes	(i.e.	ecosystem	
respiration	and	net	ecosystem	exchange)	measured	in	potted	monocultures	could	
be	detected	in	mixed	field	communities.
3.	 We	found	that	certain	shoot	traits	(e.g.	shoot	N	and	C,	and	leaf	dry	matter	con-
tent)	were	related	to	root	traits	(e.g.	root	N,	root	C:N	and	root	dry	matter	content)	
in	monocultures,	but	such	relationships	were	either	weak	or	not	detected	in	mixed	
communities.	Some	relationships	between	plant	traits	(i.e.	shoot	N,	root	N	and/or	
shoot	C:N)	and	soil	properties	(i.e.	inorganic	N	availability	and	microbial	commu-
nity	 structure)	were	 similar	 in	monocultures	 and	mixed	 communities,	 but	 they	
were	more	strongly	linked	to	shoot	traits	in	monocultures	and	root	traits	in	mixed	
communities.	 Structural	 equation	 modelling	 showed	 that	 above-	 and	
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1  | INTRODUC TION
The	role	plant	traits	play	in	driving	ecosystem	processes	has	been	the	
focus	of	much	recent	research	(Díaz	et	al.,	2016;	Faucon,	Houben,	&	
Lambers,	2017;	Kimball	et	al.,	2016).	For	example,	key	plant	traits	and	
the	proportion	of	a	plant	community	consisting	of	species	with	‘slow’	
versus	‘fast’	functional	traits	(Díaz	et	al.,	2016;	Reich,	2014;	Wright	et	
al.,	2004)	influence	soil	functions,	such	as	decomposition	(Fortunel	et	
al.,	2009;	Quested,	Eriksson,	Fortunel,	&	Garnier,	2007)	and	nutrient	
cycling	(Fortunel	et	al.,	2009;	Grigulis	et	al.,	2013).	Furthermore,	in-
creasing	plant	functional	trait	diversity	has	been	proposed	as	a	poten-
tial	mechanism	by	which	to	increase	carbon	(C)	allocation	and	storage	
below-ground	(De	Deyn,	Cornelissen,	&	Bardgett,	2008).	Root	traits	
have	been	 linked	with	below-ground	C	 inputs	 (Guyonnet,	Cantarel,	
Simon,	 &	 Haichar,	 2018),	 decomposition	 rates	 (Freschet,	 Aerts,	 &	
Cornelissen,	2012;	Smith,	Woodin,	Pakeman,	Johnson,	&	Wal,	2014),	
soil	C	storage	(Lange	et	al.,	2015)	and	soil	physical	properties	(Gould,	
Quinton,	Weigelt,	De	Deyn,	&	Bardgett,	2016),	which	have	wider	im-
plications	for	soil	functioning.	Despite	these	advances,	there	remains	
considerable	uncertainty	as	 to	which	plant	 functional	 traits	 (above-
ground	and/or	below-ground)	best	predict	soil	properties	and	ecosys-
tem	processes.	It	also	remains	unknown	if	these	plant	trait-soil	linkages	
extend	from	individual	plants	to	mixed	plant	communities	in	real	world	
contexts.	Furthermore,	whether	plant	traits–soil	linkages	can	improve	
our	ability	to	understand	the	factors	controlling	processes	such	as	net	
ecosystem	exchange	and	ecosystem	respiration,	which	determine	C	
gain	or	loss	from	an	ecosystem,	remains	understudied.
There	has	been	growing	interest	in	determining	whether	or	not	an	
analogue	to	the	leaf	economic	spectrum	exists	for	roots	and	if	below-
ground	traits	can	be	used	alongside	above-ground	traits	to	better	pre-
dict	soil	properties	and	ecosystem	functions	(Bardgett,	Mommer,	&	de	
Vries,	2014;	Kramer-Walter	et	al.,	2016;	Roumet	et	al.,	2016).	For	in-
stance,	Roumet	et	al.	(2016)	used	74	plant	species	from	three	biomes	
to	show	that	root	nitrogen	(N)	concentration	and	specific	root	length	
(SRL)	were	positively	correlated	with	root	respiration,	while	root	dry	
matter	 content	 (RDMC)	 and	 the	 lignin-to-N	 ratio	 were	 negatively	
correlated	 to	 mass	 remaining	 after	 decomposition.	 Furthermore,	
Pérez-Ramos	et	al.	(2012)	showed	in	an	experiment	in	Mediterranean	
rangeland	that	leaf	and	root	traits	responded	similarly	to	N	limitation	
(i.e.	they	became	more	conservative),	indicating	coordination	between	
above-	and	below-ground	resource	acquisition	strategies,	which	lends	
support	to	the	existence	of	a	root	economic	spectrum.	In	a	study	of	
66	New	Zealand	tree	species,	however,	Kramer-Walter	et	al.	 (2016)	
found	 that	 although	 above-ground	 traits	 were	 strongly	 related	 to	
growth	rate,	below-ground	traits	were	not.	Furthermore,	 in	a	study	
comparing	above-	and	below-ground	traits	across	34	tree	species,	no	
evidence	for	a	root	economic	spectrum	was	detected;	 instead,	root	
traits	 were	 more	 strongly	 determined	 by	 phylogenetic	 relatedness	
(Valverde-Barrantes,	 Smemo,	 &	 Blackwood,	 2015).	 These	 reported	
relationships	between	above-	and	below-ground	traits	appear	to	vary	
between	ecosystems	highlighting	the	remaining	uncertainties	in	our	
understanding	of	shoot–root	trait	linkages.
Although	past	studies	have	led	to	advances	in	our	understanding	
of	linkages	between	plant	traits	and	ecosystem	functions,	they	have	
mostly	investigated	them	using	artificially	constructed	plant	commu-
nities	 or	 environmental	 gradients.	 Artificially	 constructed	 commu-
nities	based	on	random	selections	of	species	 typically	 include	very	
low	species	and	functional	diversity	(Fischer	et	al.,	2016;	Milcu	et	al.,	
2014;	Roscher	et	al.,	2004;	Spehn	et	al.,	2005;	Tilman	et	al.,	2001).	
Yet,	under	natural	conditions,	we	know	that	species	generally	assem-
ble	non-randomly	and	when	very	low	levels	of	diversity	do	occur	(e.g.	
through	environmental	extremes),	they	consist	of	highly	non-random	
sets	 of	 species	 with	 distinct	 functional	 attributes	 (Wardle,	 2016).	
Furthermore,	 environmental	 gradients	 typically	 involve	 concomi-
tant	 changes	 to	both	environmental	 factors	 and	 the	plant	 commu-
nity.	This	makes	it	difficult	to	tease	apart	plant	community	responses	
below-ground	 traits	 and	 soil	 properties	 improved	 predictions	 of	 ecosystem	 C	
fluxes	in	monocultures,	but	not	in	mixed	communities	on	the	basis	of	community-
weighted	mean	traits.
4.	 Synthesis.	 Our	 results	 from	 a	 single	 grassland	 habitat	 detected	 relationships	 in	
monocultures	between	above-	and	below-ground	plant	traits,	and	between	plant	
traits,	soil	properties	and	ecosystem	C	fluxes.	However,	these	relationships	were	
generally	weaker	or	different	in	mixed	communities.	Our	results	demonstrate	that	
while	 plant	 traits	 can	 be	 used	 to	 predict	 certain	 soil	 properties	 and	 ecosystem	
functions	in	monocultures,	they	are	less	effective	for	predicting	how	changes	in	
plant	species	composition	influence	ecosystem	functions	in	mixed	communities.
K E Y W O R D S
above-ground–below-ground	linkages,	biodiversity,	carbon,	ecosystem	function,	net	
ecosystem	exchange,	nitrogen,	plant	functional	traits,	soil	microbial	communities
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to	the	gradient	from	their	effects	on	soil	properties	and	ecosystem	
processes	(Grigulis	et	al.,	2013;	Kichenin,	Wardle,	Peltzer,	Morse,	&	
Freschet,	2013;	Legay	et	al.,	2014;	Manning	et	al.,	2015;	Sundqvist,	
Giesler,	&	Wardle,	2011).	As	such,	our	understanding	of	the	 impor-
tance	of	plant	traits	in	driving	soil	properties	and	ecosystem	function-
ing	 is	 limited	 to	 specific	 contexts.	 Therefore,	 experimental	 designs	
that	seek	to	understand	linkages	between	plant	traits	and	soil	prop-
erties	in	realistic	communities	are	needed	(Wardle,	2016).
To	address	these	uncertainties,	we	tested	in	potted	monocultures	
of	a	broad	 range	of	 temperate	grassland	plant	 species	whether	 leaf	
and	root	traits	are	related,	and	identified	which	traits	best	predict	soil	
properties	and	ecosystem	carbon	fluxes,	 including	ecosystem	respi-
ration	and	net	ecosystem	exchange.	Furthermore,	we	tested	whether	
relationships	 between	 traits	 and	 soil	 properties	 found	 in	 monocul-
tures	could	also	be	detected	in	mixed	plant	communities	in	the	field	
under	more	natural	conditions.	First,	we	hypothesized	 that	 leaf	and	
root	traits	related	to	C	and	N	allocation	would	show	consistent	rela-
tionships	in	both	monocultures	and	mixed	communities,	because	traits	
related	to	C	and	N	show	consistent	relationships	across	entire	plants	
(i.e.	 leaves	 and	 roots)	 (Bardgett	 et	 al.,	 2014;	 Freschet,	 Cornelissen,	
Logtestijn,	&	Aerts,	2010;	Reich,	2014).	Second,	we	expected	that,	in	
both	monocultures	and	mixed	communities,	leaf	and	root	traits	would	
predict	soil	properties	related	to	C	cycling	because	plant	traits	can	in-
fluence	soil	microbial	communities	(Legayet	al.,	2014,	2016;	Orwin	et	
al.,	2010)	and	soil	abiotic	properties	(Reich,	2014;	Wright	et	al.,	2004),	
which	strongly	influence	ecosystem	C	cycling.	Third,	we	hypothesized	
that	leaf	and	root	traits,	and	soil	properties	in	both	monoculture	and	
mixed	field	communities	(i.e.	using	community-weighted	mean	(CWM)	
trait	values)	would	predict	ecosystem	processes	(i.e.	C	fluxes).	This	is	
because	plant	traits	related	to	C	and	N	allocation	have	been	shown	to	
strongly	and	consistently	influence	C	cycling	across	spatial	scales	and	
contrasting	ecosystems	(Funk	et	al.,	2017).	Using	both	 leaf	and	root	
traits	in	tandem	with	soil	properties	could	provide	a	powerful	oppor-
tunity	to	improve	our	predictive	capacity	and	management	of	C	cycling	
in	grasslands	(Faucon	et	al.,	2017;	Kimball	et	al.,	2016).	To	this	end,	we	
constructed	an	a	priori	model	(Figure	1)	depicting	proposed	relation-
ships	between	 leaf	and	 root	 traits,	 soil	properties	and	ecosystem	C	
fluxes.	We	 then	used	 this	model	 to	 test	 if	 these	 relationships	were	
similar	in	both	potted	monocultures	and	mixed	field	communities.
We	 tested	 these	 hypotheses	 using	 a	 pot-based	 monoculture	
study	 grown	 under	 field	 conditions,	 which	 included	 25	 common	
grassland	 species	 from	 three	 plant	 functional	 groups	 (PFGs)	 (i.e.	
grasses,	 forbs	 and	 legumes)	 and	 covering	 a	wide	 range	 of	 above-	
and	below-ground	trait	variation.	 In	parallel,	we	set	up	a	grassland	
community	 experiment	 manipulating	 plant	 species	 and	 functional	
diversity.	 Factorial	 combinations	 of	 plant	 species	 from	 the	 same	
functional	groups	used	in	the	monoculture	experiment	were	added	
to	extant	grassland	communities	to	create	a	gradient	of	plant	species	
and	 functional	diversity.	The	 functional	group	addition	 treatments	
were	applied	within	the	same	field	specifically	so	that	all	the	plots	
started	with	similar	plant	communities,	soil	properties	and	environ-
mental	conditions,	which	enabled	us	to	test	for	the	influence	of	the	
functional	attributes	of	the	plant	community	on	soil	properties	and	
ecosystem	processes.	This	was	done	with	minimal	disturbance	to	the	
extant	plant	communities,	so	as	to	more	closely	mimic	management	
practices	for	the	conservation	and	restoration	of	botanical	diversity	
in	UK	grasslands	(Bullock	et	al.,	2011;	Pywellet	al.,	2002,	2007).	We	
focused	 on	 soil	 properties	 related	 to	 C	 cycling,	 including	 nutrient	
availability	and	microbial	community	structure,	as	well	as	ecosystem	
respiration	and	net	ecosystem	exchange,	which	determine	the	ability	
of	grasslands	to	act	as	net	C	sources	or	sinks	(Trumper,	Programme,	
&	UNEP,	GRID-Arendal	&	Centre,	U.	W.	C.	M.,	2009).
2  | MATERIAL S AND METHODS
2.1 | Study site and experimental design
Both	 experiments	 were	 conducted	 within	 Ingleborough	 National	
Nature	Reserve	in	northern	England	(54°	11'	38.7"	N,	2°	20'	54.4”	
W)	as	described	by	Leff	et	al.	(2018).	Plant	communities	at	both	sites	
are Lolium perenne–Cynosurus cristatus-dominated	grasslands	(MG6;	
Rodwell,	1998)	and	are	situated	at	300	m	a.s.l.	Annual	average	daily	
minimum	and	maximum	temperatures	between	1981	and	2010	were	
4.3°C	 and	 10.5°C,	 respectively;	 average	 annual	 precipitation	 was	
1550	mm	(www.metoffice.gov.uk).
The	potted	monoculture	experiment	was	conducted	outside	 in	
a	fenced	enclosure	at	Colt	Park	Meadows.	Monocultures	were	con-
structed	 in	May	 2013	 from	 polypropylene	 pots	 (38	×	38	×	40	cm)	
filled	with	 10	cm	 of	 rinsed	 gravel	 and	 20	cm	 sieved	 topsoil;	 a	 de-
sign	consistent	with	other	studies	(Bardgett	et	al.,	2006;	Harrison	&	
Bardgett,	2010;	Legay	et	al.,	2016;	Orwin,	Ostle,	Wilby,	&	Bardgett,	
2014).	 Topsoil	 was	 collected	 from	 the	 adjacent	 meadow	 and	 is	 a	
clayey	 brown	 earth	 over	 limestone	 bedrock	 (pH	~	5.8;	 8.9	 C%;	
0.92	N%)	 from	 the	Malham	 series	 of	 Eutric	 Endoleptic	 Cambisols	
(Cranfield	University,	2018).	The	meadow	is	lightly	grazed	by	sheep	
(≤1.7	individuals/h)	 and	 cattle	 (≤0.3	individuals/h)	 during	 the	 win-
ter	and	spring,	with	hay	harvested	each	summer	and	a	 light	dress-
ing	of	well-rotted	farmyard	manure	applied	in	early	spring	in	some	
years.	Twenty-five	native	grassland	plant	species	were	selected	for	
the	monoculture	experiment	 (Table	S1).	 The	 species	 selected	 rep-
resent	the	three	dominant	plant	functional	groups	(PFG)	typical	of	
British	mesotrophic	meadow	grasslands	(Rodwell,	1998;	Smith	et	al.,	
2008).	 The	 PFGs	 used	 here	 (i.e.	 grasses,	 forbs	 and	 legumes)	 have	
been	 widely	 used	 in	 experiments	 because	 plants	 from	 the	 same	
functional	 group	have	 similar	 effects	 and	 responses	 to	 ecosystem	
processes	and	environmental	conditions	respectively	(Hooper	et	al.,	
2005).	Furthermore,	 these	 species	encompassed	a	breadth	of	 leaf	
trait	variation	(e.g.	SLA:	12–45	mm2/mg;	shoot	N:	7.8–44.7	mg	N	g−1; 
Table	 S1),	 comparable	 to	 one	 of	 the	 longest	 running	 experiments	
exploring	the	role	of	plant	diversity	in	ecosystem	functioning	(SLA:	
8–38	mg	N	g−1;	 shoot	 N:	 15–50	mm2/mg;	 Roscher	 et	 al.,	 2018).	
Plants	 were	 germinated	 in	 a	 greenhouse	 from	 commercial	 seed	
(Emorsgate	Seeds,	King's	Lynn,	Norfolk,	UK).	Then,	30	seedlings	of	
each	species	were	transplanted	into	pots	to	produce	monocultures	
of	25	species	 (n	=	4	 replicates	per	species	or	100	pots	 total);	 such	
seedling	 densities	 are	 comparable	with	 previous	 studies	 (Legay	 et	
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al.,	 2016;	Orwin	 et	 al.,	 2014).	 The	 planted	monocultures	were	 ar-
ranged	 in	 a	 randomized	block	design	within	 four	blocks,	with	one	
of	each	species	per	block	and	weeded	regularly	during	the	growing	
season.	The	planted	monocultures	grew	outside	under	ambient	con-
ditions	for	three	growing	seasons	(2013–2015).	To	emulate	normal	
winter	grazing	of	the	meadow	and	the	summer	hay	crop,	all	above-
ground	biomass	in	the	monocultures	was	harvested	from	the	pots	in	
May	2014	and	2015,	and	September	2014,	respectively.	Plant	and	
soil	material	were	collected	 from	all	monocultures	 in	 July	2015	at	
peak	 plant	 biomass.	 Five	 fully	 emerged	 leaves	 from	 at	 least	 three	
individuals	per	pot	were	clipped	and	refrigerated.	In	addition,	from	
each	pot,	a	6.8-cm	diameter	soil	core	was	taken,	sieved	to	4	mm	and	
stored	at	4ºC.	All	roots	not	passing	through	the	sieve	were	retained	
and	stored	at	4°C	before	being	washed	free	of	soil	prior	to	analysis	
for	root	traits	and	estimation	of	below-ground	biomass	(see	below).	
Although	some	roots	may	have	been	 lost	 through	the	sieving	pro-
cess,	all	 root	measurements	were	 taken	 from	samples	 that	passed	
through	a	4-mm	sieve,	meaning	that	comparisons	between	experi-
ments	are	robust.	Finally,	all	above-ground	biomass	was	harvested	
from	the	pots,	oven	dried	and	weighed.
The	 community	 experiment	 was	 conducted	 2	km	 from	 the	
monoculture	experiment	at	Selside	Shaw	 (54°	10’	47.9"	N,	2°	20'	
11.1”	W).	Experimental	plots	were	established	in	temperate	grass-
land	of	similar	management	and	vegetation	to	Colt	Park.	The	soils	
F I G U R E  1  A	priori	path	model	for	ecosystem	carbon	fluxes	in	the	monoculture	and	community	experiments.	Arrows	indicate	causal	
directed	relationships	between	latent	variables	(LVs)	(ellipses).	LVs	reflected	by	only	one	measured	variable	are	shown	as	boxes.	Leaf	
economic	traits,	in	particular	leaf	N	content,	scale	with	plant	photosynthetic	and	respiratory	capacity	(1)	(Reich,	2014),	while	root	economic	
and	architectural	traits	may	contribute	to	the	partitioning	of	C	below-ground	affecting	soil	respiration	(10, 12)	(De	Deyn	et	al.,	2008).	
Leaf	and	root	traits	often	show	coordinated	variation	in	stoichiometry	and	tissue	density	(5)	(Freschet	et	al.,	2010),	but	traits	relating	to	
root	morphology	can	be	a	secondary,	and	potentially	independent	dimension	of	root	trait	variation	(4)	(Kramer-Walter	et	al.,	2016)	as	we	
observed	in	this	study	(see	Figure	S2).	The	fast–slow	spectrum	can	drive	relative	growth	rates	(6, 7, 8)	(Reich,	2014;	Wright	et	al.,	2004)	and	
root	morphology	may	drive	patterns	of	C	allocation	above-	and	below-ground	(14,	15)	(Guyonnet	et	al.,	2018;	Lange	et	al.,	2015)	and	thus	
collectively	standing	biomass	above-	and	below-ground,	while	relative	investment	of	growth	above-	versus	below-ground	can	drive	root	to	
shoot	ratios	(16)	(Kimball	et	al.,	2016).	The	fast–slow	leaf	spectrum	can	drive	the	relative	importance	of	fungal	versus	bacterial	dominated	
energy	channels	below-ground	(2, 9)	(Legay	et	al.,	2014),	while	patterns	of	plant	C	allocation	below-ground	in	terms	of	root	length	and	root	
diameter	may	impact	on	root	colonization	rates	and	patterns	of	C	exudation	with	consequences	for	microbial	community	structure	(13)	
(Lange	et	al.,	2015).	The	fast–slow	spectrum	of	trait	variation	(3,	11)	(Reich,	2014;	Wright	et	al.,	2004)	and	the	stoichiometry	and	structure	
of	the	microbial	community	(20)	(de	Vries	&	Bardgett,	2016;	de	Vries	et	al.,	2012)	can	influence	soil	carbon	and	nitrogen	stocks,	inorganic	
and	organic	nitrogen	availability	and	mineralization	rates,	which	in	turn	can	impact	carbon	allocation	below-ground	(18)	(De	Deyn	et	al.,	
2008),	plant	growth	rates	and	biomass	accumulation	(21)	(Reich,	2014;	Wright	et	al.,	2004).	Plant	above-ground	biomass	can	drive	both	
photosynthetic	and	respiratory	rates	above-ground	(23)	(Grigulis	et	al.,	2013;	Reich,	2014;	Wright	et	al.,	2004),	while	below-ground	plant	
biomass	allocation	and	the	stoichiometry	and	structure	of	the	microbial	community	can	influence	below-ground	respiration	rates	(17, 19)	
(Grigulis	et	al.,	2013;	Roumet	et	al.,	2016).	Soil	C	and	N	stocks,	inorganic	and	organic	N	availability	and	mineralization	rates	can	influence	
rates	of	biological	activity	in	soil	and	thus	below-ground	respiration	rates	(22)	(Grigulis	et	al.,	2013)
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are	part	of	the	same	Malham	Series	of	Eutric	Endoleptic	Cambisols	
as	at	Colt	Park;	a	clayey	brown	earth	(pH	~	5.7;	4.9	C%;	0.46	N%)	
and	prior	to	the	establishment	of	the	experiment	the	site	received	
either	a	light	dressing	of	farmyard	manure	or	125	kg/ha	of	20:10:10	
NPK	fertilizer	each	year.	 In	2012,	36-m2	experimental	plots	were	
assigned	to	one	of	seven	PFG	addition	treatments	(grasses,	forbs,	
legumes	 and	 their	 factorial	 combinations)	 or	 as	 control	 plots	 to	
which	no	PFGs	were	added.	This	yielded	eight	treatment	combina-
tions	replicated	five	times	in	a	fully	randomized	block	design,	giving	
a	total	of	40	plots.	Based	on	the	species	complement	of	typical	spe-
cies-rich	meadow	communities	of	northern	pastures	(UK	National	
Vegetation	Classification	MG3b;	Rodwell,	1998),	intact	plant	com-
munities	 within	 each	 plot	 were	 planted	 with	 greenhouse-grown	
seedlings	in	2013–2015	and	seeded	in	2014–2015	(see	Tables	S2,	S3	
and	S4	in	Supporting	Information	for	details).	The	target	functional	
groups	were	both	seeded	and	planted	into	the	intact	grassland	in	
order	to	rapidly	maximize	establishment	and	minimize	disturbance,	
thereby	 generating	 a	 hybrid	 between	 restoration	 practices	 and	
more	manipulative	 experiments	 (i.e.	 those	 that	 till	 under	 the	 ex-
istent	 community	 and	 reseed	 a	 target	 community).	 Furthermore,	
there	was	no	pretreatment	applied	to	the	field	(e.g.	tillage	or	her-
bicide)	in	order	to	replicate	restoration	practices	largely	based	on	
seeding	previously	used	for	theses	grasslands	(Smith	et	al.,	2008).	
Plant	species	composition	was	measured	in	May	2016	in	ten	100-
cm2	quadrats	systematically	distributed	in	each	plot	and	averaged	
to	provide	an	estimate	of	percentage	cover	of	each	species	in	each	
plot.	Plant	species	composition	and	above-ground	biomass	was	also	
measured	in	each	of	the	base	rings	used	to	measure	CO2	exchange	
(see	below)	in	order	to	directly	link	the	plant	species	composition	
and	relative	abundances,	as	well	as	CWM	traits	to	gas	fluxes.	Plant	
species	composition	within	the	gas	rings	was	representative	of	the	
plant	species	composition	of	the	entire	plot.
2.2 | Plant functional traits
Above-	and	below-ground	plant	functional	traits	were	measured	in	
both	the	monoculture	and	community	experiments.	This	was	done	
because	 it	 is	well	known	that	environmental	conditions	 (i.e.	plants	
grown	 in	 pots	 in	monocultures	 vs.	 those	 grown	 in	mixed	 commu-
nities	 in	 the	 field)	 can	 have	major	 effects	 on	 traits	 (Siefert	 et	 al.,	
2015),	which	could	further	impact	on	ecosystem	functions	(Albert,	
Grassein,	Schurr,	Vieilledent,	&	Violle,	2011;	de	Bello	et	al.,	2011).	
In	 July	 2015,	 intact,	 undamaged,	 fully	 expanded	 leaves	were	 col-
lected	from	at	least	three	individual	plants	from	each	monoculture	
and	refrigerated.	We	used	an	EPSON	flatbed	scanner	and	WinRhizo	
software	(Regent	Instruments	Inc.,	Canada)	to	calculate	specific	leaf	
area	(SLA)	and	leaf	dry	matter	content	(LDMC)	exactly	as	outlined	in	
Cornelissen	et	al.	(2003).	Finally,	each	leaf	was	crushed	and	analysed	
for	C	and	N	(Elementar	Vario	EL	element	analyser,	Hanau,	Germany).	
Leaf	fibre	lignin	(LFL)	was	estimated	on	another	leaf	sample	using	an	
ANKOM	200	fibre	analyser	 (ANKOM,	Macedon,	NY).	Values	 from	
the	 three	 leaves	 taken	 per	 pot	were	 then	 averaged	 to	 generate	 a	
single	replicate	value	for	each	leaf	trait	measurement	for	each	pot.
In	July	2015,	root	samples	were	collected	from	a	6.8-cm	diame-
ter	soil	core	from	each	of	the	pots.	An	EPSON	flatbed	scanner	and	
WinRhizo	(Regent	Instruments,	Quebec,	Canada)	were	used	to	cal-
culate	SRL	and	RDMC	exactly	as	outlined	in	Cornelissen	et	al.	(2003).	
Each	bulk	root	sample	was	ground	(Retsch	Ball	Mill	MM	400,	Haan,	
Germany)	and	analysed	 for	C	and	N	and	 root	 fibre	 lignin	 (RFL),	 as	
specified	above.
In	August	2016,	five	undamaged,	fully	expanded	leaves	were	col-
lected	from	each	of	15	species	in	a	subset	of	10	plots	(the	control	un-
amended	plots	and	those	amended	with	species	from	all	three	PFGs)	
so	that	leaf	traits	could	be	compared	between	the	monocultures	and	
the	mixed	plant	communities.	The	15	species	collected	accounted	on	
average	for	over	80%	of	the	vegetation	cover	in	each	plot	(Table	S5)	
and	all	of	these	species	(with	the	exception	of	Poa trivialis)	were	also	
represented	 in	the	monoculture	experiment	 (Table	S1).	 In	October	
2016,	root	samples	were	collected	from	five	4.5-cm	diameter	cores	
of	 10	cm	 depth	 taken	 from	 each	 of	 the	 40	 plots	 across	 all	 treat-
ments	 immediately	 adjacent	 to	 the	gas	 rings	 (see	below).	Because	
root	 systems	 of	 individual	 plant	 species	 are	 highly	 intertwined,	 it	
was	not	 possible	 to	 gain	 a	 true	CWM	measure	 for	 individual	 root	
traits.	Instead,	we	took	a	composite	measure	of	root	traits	from	the	
mixed	root	systems	collected	from	each	soil	core	(Legay	et	al.,	2014).	
Leaf	and	root	samples	were	analysed	for	trait	values	in	the	same	way	
as	 the	monoculture	 experiment.	 Leaf	 trait	 data	 from	 the	 commu-
nity	plots	was	then	combined	with	the	vegetation	survey	data	(see	
above)	 from	within	 the	gas	 flux	base	 rings	 (Figure	S1)	 to	 calculate	
CWM	trait	values	for	each	plot	following	Garnier	et	al.	(2007).
2.3 | Soil nutrients and microbial properties
Soils	were	 collected	 from	 the	monocultures	 (one	6.8-cm	diameter	
core)	and	the	community	experiment	(three	randomly	sampled	2-cm	
diameter	cores	per	plot)	 in	July	2015	and	June	2016,	respectively.	
In	 the	 community	 experiment,	 soil	 samples	 were	 collected	 adja-
cent	 to	 the	gas	 flux	base	 rings	 (see	below).	This	was	done	so	 that	
we	could	continue	to	take	measurements	from	within	the	gas	rings	
without	disturbing	the	soil	and	plant	communities.	Five	grams	(fresh	
weight)	 of	 soil	 was	 extracted	 with	 25	ml	 of	 1	M	 KCl	 and	 shaken	
for	1	hr.	 Extracts	were	 frozen	 at	 −18ºC	until	 analysis	 for	 available	
NH4-N,	 NO3-N,	 total	 inorganic	 nitrogen	 (TIN),	 dissolved	 organic	
nitrogen	 and	 total	 nitrogen	 (N)	 on	 a	 Seal	 AA3	 Segmented	 Flow	
Multi-chemistry	 analyser	 (Mequon,	 WI,	 USA).	 Microbial	 C	 and	 N	
were	 measured	 using	 chloroform-fumigation	 (Brookes,	 Landman,	
Pruden,	&	Jenkinson,	1985).	The	bases	Mg,	K,	Al	were	leached	from	
a	subsample	of	soil	with	ammonium	acetate	and	analysed	by	optical	
emission	 spectroscopy	with	 inductively	 coupled	 plasma	 excitation	
(Blakemore	 &	 Dyer,	 1959).	 Microbial	 community	 structure,	 based	
on	phospholipid	 fatty	 acids	 (PLFA),	was	 analysed	on	 an	 additional	
subsample	of	soil	for	each	monoculture	and	community	plot	(Bligh	
&	Dyer,	1959;	White,	Davis,	Nickels,	King,	&	Bobbie,	1979).	PLFAs	
were	extracted	from	freeze-dried	soil	(Frostegård,	Tunlid,	&	Bååth,	
1991),	 as	modified	by	Buyer	 and	Sasser	 (2012)	 and	 analysed	on	 a	
gas	chromatograph	(Agilent	7890A	Gas	chromatograph,	Santa	Clara,	
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CA).	Abundance	of	PLFAs	is	expressed	in	µg/g	dry	weight	soil.	PLFAs	
were	assigned	as	 indicators	of	fungal	and	bacterial	abundance	(De	
Deyn	 et	 al.,	 2011)	 and	 C18:2ω6,9	 only	 was	 used	 for	 saprophytic	
fungi	(Frostegård,	Tunlid,	&	Bååth,	2011).	We	also	calculated	the	ra-
tios	of	fungal	to	bacterial	markers	and	Gram-positive	to	Gram-nega-
tive	bacterial	markers.
2.4 | CO2 measurements
Measurements	of	CO2	fluxes	were	made	over	120-s	intervals	with	a	
PP	systems	EGM4	portable	IRGA	(infrared	gas	analyser)	coupled	to	
custom-built	chambers	in	a	closed	loop	gas	circuit.	For	the	monocul-
ture	experiment,	chambers	were	constructed	with	 liteglaze	acrylic	
sheeting	 (92%	 light	 transmission)	 fixed	 to	 a	 polypropylene	 frame.	
The	 chambers	 sealed	 against	 the	 outer	 rim	 of	 the	 pots,	 enclosing	
both	plants	and	soil	and	had	a	headspace	volume	of	0.038	m3	(Orwin	
et	al.,	2014).	For	the	community	experiment,	in	each	sampling	plot	a	
30-cm	diameter,	10-cm	high	permanent	base	ring	was	fitted	in	place	
to	a	depth	of	5	cm	in	spring	2014;	care	was	taken	to	minimize	dis-
turbance	and	to	avoid	severance	of	large	plant	roots.	The	chambers	
were	made	 of	 translucent	 domed	 plastic	 cloches,	 30	cm	 diameter	
and	35	cm	height,	fitted	to	a	polypropylene	ring	sealing	against	the	
base	 ring	with	 a	 headspace	 volume	 of	 0.039	m3	 (Ward,	 Bardgett,	
McNamara,	Adamson,	&	Ostle,	2007).	We	used	 the	dark	and	 light	
flux	method	to	estimate	ecosystem	respiration	and	net	ecosystem	
exchange	fluxes,	respectively	(Ward	et	al.,	2007).	For	the	monocul-
tures,	flux	measurements	were	made	in	the	final	growing	season	on	
four	dates	in	2015:	12	May	and	6,	16	and	30	June.	For	the	commu-
nity	experiment,	 flux	measurements	were	made	during	spring	and	
summer	of	 2016:	 18	May,	 7	 June,	 5,	 26	 and	27	 July,	 and	2,	 4,	 11	
and	23	August.	In	all	cases,	flux	measurements	were	taken	between	
10:00	and	16:00	hr	and	paired	with	measures	of	air	temperature,	soil	
moisture	and	ambient	light	conditions	(i.e.	photosynthetically	active	
radiation)	 that	were	 taken	simultaneously	at	 the	 time	of	each	 flux	
measurement.
2.5 | Statistical analyses
First,	 exploratory	 principal	 component	 analyses	 (PCA)	 were	 per-
formed	 to	 identify	 patterns	 of	 shoot	 and	 root	 trait	 covariation	 as	
well	as	covariation	in	soil	biotic	and	abiotic	properties	in	the	mono-
culture	and	community	experiments.	Two	components	from	each	of	
the	 trait	PCAs	and	 three	 components	 from	each	of	 the	 soil	 PCAs	
were	 retained	based	on	 parallel	 analyses	 using	 the	nFactors	 pack-
age	 in	 R.	 Relationships	 between	 variables	 loading	 strongly	 on	 the	
retained	components	were	then	examined	by	pairwise	linear	regres-
sions	to	assess	links	between	shoot	and	root	traits,	and	traits	and	soil	
properties	 in	 both	 the	 monoculture	 and	 community	 experiments.	
Additionally,	standard	major	axis	regressions	(SMA)	were	performed	
to	 assess	 the	 strength	 of	 the	 relationships	 between	 the	 principle	
components	from	the	PCAs	of	shoot	and	root	traits	and	the	respec-
tive	components	of	variation	in	soil	properties	from	the	two	experi-
ments.	A	SMA	is	a	form	of	model	2	regression	that	accounts	for	the	
uncertainty	in	both	variables	by	minimizing	the	errors	in	both	x	and	
y	directions.
Second,	the	effects	of	the	PFG	addition	treatments	on	plant	spe-
cies	 diversity	 and	 relative	 abundance,	 and	 the	 soil	microbial	 com-
munities	 (i.e.	PLFAs)	 in	 the	community	experiment,	were	assessed	
by	multivariate	analysis	of	variance	(permANOVA)	using	the	adonis2 
function	in	the	vegan	package	in	R.	Bray–Curtis	dissimilarities	were	
calculated	and	corrected	for	negative	eigenvalues	before	constrain-
ing	 permutations	 (999)	 to	 account	 for	 the	 blocking	 design.	 In	 ad-
dition,	 the	 effects	 of	 the	 functional	 group	 addition	 treatments	on	
the	 functional	attributes	of	 the	plant	communities	were	 tested	by	
one-way	ANOVA	for	individual	shoot	and	root	traits	and	collectively	
across	all	 traits	by	calculating	functional	diversity	 indices	 (Villéger,	
Mason,	&	Mouillot,	2008).
We	constructed	partial	least	squares	path	models	(PLS-PMs)	to	
test	direct	and	indirect	controls	of	leaf	and	root	traits,	soil	properties	
and	 soil	microbial	 attributes	on	above-ground	biomass	production	
and	mean	 values	 of	 instantaneous	 ecosystem	 respiration	 and	 net	
ecosystem	exchange	(averaged	over	the	growing	season)	in	both	the	
monoculture	and	 the	community	experiments	with	net	ecosystem	
exchange	normalized	relative	to	PAR	for	each	date.	A	common	a	pri-
ori	model	structure	(Figure	1)	was	established	for	the	monoculture	
and	 community	 experiments	 based	 on	 our	 hypotheses	 and	 theo-
retical	knowledge	of	trait–soil–process	linkages.	We	chose	PLS-PM	
(Chin	&	Dibbern,	2010),	a	form	of	structural	equation	modelling,	be-
cause	we	had	many	measured	variables	indicative	of	broader	biotic	
and	abiotic	patterns	that	could	be	included	in	latent	variables	(LVs)	
and	relatively	low	numbers	of	observations	given	the	complexity	of	
our	a	priori	model	structure	 (Hair,	Hult,	Ringle,	Sarstedt,	&	Thiele,	
2017).	Measured	variables	were	chosen	as	 indicative	of	LVs	based	
on	the	loadings	on	PCAs	axes	(Figures	S2,	S3,	S4,	S5)	and	pairwise	
relationships	(Figures	2,	3,	4,	5	and	Tables	S6,	S7,	S8,	S9,	S10).	For	the	
community	experiment,	all	shoot	trait	values	used	in	the	model	were	
input	as	CWMs.	Rescaled	data	were	fitted	to	the	a	priori	model	using	
the	plspm	package	in	R	using	Stone–Geisser's	predictive	relevance	as	
the	primary	evaluation	criterion	for	model	fit.	See	supporting	infor-
mation	for	all	relevant	details	related	to	model	construction,	simpli-
fication	and	validation	processes	(Methods	S1).
3  | RESULTS
3.1 | Linkages between plant traits, soil properties 
and C fluxes in monocultures
Exploratory	PCA	and	SMA	analyses	of	the	trait	data	from	the	mono-
culture	experiment	revealed	primary	axes	of	leaf	and	root	trait	vari-
ation	related	most	strongly	 to	 tissue	N	concentrations;	 these	axes	
scaled	positively	with	each	other	 (R2	=	0.19,	p	≤	0.001;	Figure	S5a;	
Table	S6).	The	secondary	leaf	and	root	axes	were	related	to	LDMC	
and	root	morphology	 (i.e.	SRL,	 root	diameter),	 respectively	 (Figure	
S2a,b),	whereas	 the	 second	 leaf	 axis	 scaled	weakly	with	 both	 the	
first	 (R2	=	0.11,	 p	=	0.005)	 and	 second	 (R2	=	0.06,	 p	=	0.034)	 root	
trait	 axes	 (Table	 S6).	 Pairwise	 regressions	 between	 traits	 showed	
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that	shoot	N,	shoot	C:N	and	LDMC	were	all	significantly	related	to	
root	N,	root	C:N	and	RDMC	(Figure	2),	but	varied	in	their	strength	of	
association	from	weak	(e.g.	LDMC	vs.	RDMC;	R2	=	0.10,	p	=	0.004)	
to	moderate	(e.g.	shoot	N	vs.	root	C:N;	R2	=	0.37,	p	≤	0.001).	Several	
additional	pairwise	relationships	between	leaf	and	root	traits	were	
observed	(Table	S7).
Leaf	 and	 root	 traits	 showed	 significant	 relationships	with	 soil	
abiotic	and	biotic	properties	(Table	S8).	However,	more	and	stron-
ger	relationships	were	detected	between	shoot	traits	and	soil	prop-
erties	than	roots	traits.	Both	shoot	and	root	N	were	related	to	soil	
NO3-N	(Figure	3a,b),	with	shoot	N	explaining	more	than	double	the	
variation	 (R2	=	0.48,	 p	≤	0.001)	 in	 soil	 NO3-N	 compared	 to	 roots	
(R2	=	0.21,	p	≤	0.001).	Additionally,	all	of	the	leaf	traits	were	related	
in	 some	 way	 to	 the	 soil	 microbial	 community.	 Notably,	 shoot	 N	
(Figure	3d),	shoot	C:N	and	SLA	were	significantly,	although	weakly,	
related	to	the	fungal	to	bacterial	ratio	of	the	soils.	 In	contrast,	no	
root	traits	were	related	to	the	soil	microbial	communities	(Table	S8).	
This	was	reflected	in	the	scaling	of	the	primary	axes	of	both	shoot	
and	root	trait	variation	being	related	to	the	secondary	axis	of	vari-
ation	in	the	soil	properties,	along	which	TIN	loaded	most	strongly	
(Table	S6).
The	final	path	models	for	the	monoculture	experiment	showed	
that	leaf	and	root	traits	explained	significant	variation	in	net	eco-
system	exchange	 (Figure	6a,	R2	=	0.60)	and	moderate	variation	 in	
ecosystem	 respiration	 (Figure	 6b,	 R2	=	0.20).	 Furthermore,	 SLA,	
shoot	N	and	shoot	C	to	N	ratios	collectively	made	moderate,	indi-
rect	(but	no	direct)	contributions	to	net	ecosystem	exchange	(path	
coefficient:	0.40).	Specifically,	plants	with	lower	SLA	and	shoot	N	
resulted	in	greater	shoot	dry	weight	and	in	turn	higher	net	uptake	
of CO2	 (i.e.	net	ecosystem	exchange,	see	Methods	S1).	Shoot	dry	
weight	 had	 a	 direct	 negative	 effect	 on	 net	 ecosystem	 exchange	
(−0.59).	 In	 addition,	 plants	 with	 lower	 SRL	 weakly	 increased	 net	
ecosystem	exchange	(0.19).	The	microbial	community	and	root	nu-
trients	were	not	significant	predictors	of	net	ecosystem	exchange.	
Furthermore,	SLA,	shoot	N	and	the	shoot	C	to	N	ratios	collectively	
made	an	overall	weak	contribution	to	ecosystem	respiration	(−0.16)	
through	 three	 indirect	 paths.	 First,	 plants	 with	 higher	 SLA	 and	
shoot	N	resulted	in	lower	shoot	dry	weight	(−0.42),	which	directly	
led	to	lower	ecosystem	respiration	(0.45).	Second,	higher	SLA	and	
shoot	N	were	 associated	with	 higher	 root	 N	 (−0.42).	 Soil	 abiotic	
properties	were	not	related	to	ecosystem	respiration.	Plants	with	
higher	N	 content	 (i.e.	 root	 nutrients)	were	 associated	with	 lower	
root	 biomass	 (0.31;	 direction	 of	 relationship	 inverted	 for	 techni-
cal	reasons),	but	neither	the	root	economic	traits	nor	root	biomass	
were	 associated	 with	 ecosystem	 respiration.	 Finally,	 plants	 with	
higher	 SLA	 and	 shoot	 N	 were	 associated	 with	 soils	 with	 higher	
NO3-N	concentrations	(Figure	6b,	R
2	=	0.40),	but	soil	nutrients	did	
not	predict	ecosystem	respiration.
F I G U R E  2  Relationships	between	selected	shoot	and	root	traits	of	25	temperate	grassland	species	grown	in	monoculture	under	field	
conditions	(a-i).	Plant	functional	groups	are	shown	as	red	=	grass,	blue	=	forb	and	green	=	legume.	Full	regression	matrix	of	relationships	
between	shoot	and	root	traits	for	the	monoculture	experiment	is	shown	in	Table	S7
(a)
(d)
(g) (h) (i)
(e) (f)
(b) (c)
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3.2 | Linkages between plant traits, soil 
properties and C fluxes in mixed field communities
PermANOVA	revealed	that	the	functional	group	addition	treatments	
in	the	community	experiment	significantly	changed	the	composition	
of	 the	plant	communities	 (R2	=	0.23,	F	=	1.39,	p	≤	0.001).	The	treat-
ments	successfully	increased	the	percentage	cover	and	species	rich-
ness	of	forbs	and	legumes,	but	not	of	grasses	(Figure	S6).	Relative	to	
the	control	plots,	 forb	cover	 increased	by	approximately	10%–18%	
in	the	“Grass	+	Forb”	treatment	(Figure	S6c)	and	forb	richness	nearly	
doubled	in	all	the	treatments	where	forbs	were	added	(Figure	S6d).	
Both	legume	cover	and	richness	doubled	in	all	the	treatments	where	
legumes	were	 added	 (Figure	S6e,f),	while	 grass	 cover	 and	 richness	
were	 not	 significantly	 affected	 by	 any	 of	 the	 treatments	 (Figure	
S6a,b).	Across	all	species,	mean	values	of	functional	traits	for	the	in-
dividual	species	grown	in	monoculture	were	similar	to	the	mean	trait	
values	of	the	same	species	collected	from	the	community	(notable	ex-
ceptions	include	SLA	and	SRL,	which	were	shifted	higher	and	lower	in	
the	mixed	communities	compared	to	the	monocultures,	respectively;	
Tables	S11,	S12).	Plant	functional	traits	were	more	variable	(i.e.	high	
coefficients	of	variation)	between	the	species	grown	in	monoculture	
than	compared	to	the	CWMs	for	the	same	traits	in	the	community.
The	functional	group	addition	treatments	altered	CWM	shoot	N	
in	the	community	plots	(F	=	2.76,	p	=	0.024)	with	the	“Forb	+	Legume”	
treatment	having	~	10%	higher	 shoot	N	 than	 the	 “Forb”	 treatment	
(Figure	S7).	Furthermore,	CWM	SLA	at	the	plot	level	varied	between	
25.79	and	41.73	cm2/g,	CWM	shoot	C	to	N	ratio	varied	from	18.96	
to	23.52,	and	SRL	varied	between	41.78	and	106.47	m/g	(Table	S12).	
Although	functional	diversity	indices	were	not	affected	by	the	func-
tional	group	addition	treatments,	they	varied	across	plots:	functional	
richness	 (FRic)	 and	 functional	 diversity	 (FDiv)	 across	 the	 40	 plots	
ranged	from	0.03	to	1.84	(CV	64.82%)	and	0.66	to	0.93	(CV	7.98%),	
respectively	(Table	S12).
Of	 the	 leaf	 and	 root	 traits	measured	 in	 the	 community	 exper-
iment,	 only	 leaf	 N	 and	 root	 N	 were	 positively	 related	 (R2	=	0.12,	
p	=	0.046;	Figure	4,	and	Table	S9).	This	pairwise	relationship	under-
pinned	the	significant	covariation	(R2	=	0.10,	p	=	0.047;	Table	S6)	be-
tween	 the	primary	axes	of	 shoot	and	 root	 trait	variation	 from	the	
community	 experiment	 (Figure	 S5b).	 Plant	 community	 traits	 also	
showed	weak	relationships	with	soil	properties	in	the	community	ex-
periment	(Figure	5;	Table	S10),	with	more	relationships	observed	be-
tween	root	traits	and	soil	properties	than	for	shoot	traits.	The	CWM	
shoot	C	to	N	ratio	was	negatively	to	TIN	and	NH4-N	(Figure	5b,c).	In	
F I G U R E  4  Relationship	between	community-weighted	
mean	shoot	N	and	root	N	from	the	40	mixed	community	
plots.	Treatments	are	shown	as	black	=	control,	red	=	grasses,	
blue	=	forbs,	green	=	legumes,	purple	=	grasses	+	forbs,	
orange	=	grasses	+	legumes,	yellow	=	forbs	+	legumes,	
grey	=	grasses	+	forbs	+	legumes.	Full	regression	matrix	of	shoot	
traits	and	root	trait	relationships	is	shown	in	Table	S9
F I G U R E  3  Relationships	between	shoot	and	root	traits	with	selected	soil	properties	of	25	temperate	grassland	species	grown	in	
monoculture	under	field	conditions	(a-h).	Plant	functional	groups	are	shown	as	red	=	grass,	blue	=	forb	and	green	=	legume.	SLA—specific	
leaf	area,	RDMC—root	dry	matter	content,	TIN—total	inorganic	nitrogen	(NO3-N	and	NH4-N).	Full	regression	matrix	of	relationships	between	
plant	traits	and	soil	properties	for	the	monoculture	experiment	is	shown	in	Table	S8
(a)
(e) (f) (g) (h)
(b) (c) (d)
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contrast,	root	N	was	not	related	to	soil	concentrations	of	N	(Table	
S10).	 PermANOVA	 revealed	 that	 the	PFG	 addition	 treatments	 did	
not	 result	 in	 significant	 differences	 in	 the	 composition	 of	 the	 soil	
microbial	communities	 (R2	=	0.08,	p	=	0.572).	However,	root	N	was	
significantly,	but	weakly,	 related	 to	most	 soil	microbial	 community	
properties	including	total	PLFAs,	total	fungal	PLFAs,	total	bacterial	
PLFAs,	Gram-positive	and	Gram-negative	bacterial	PLFAs,	and	mi-
crobial	biomass	N	(Figure	5e,f,g).	SRL	and	root	diameter	were	unre-
lated	to	any	soil	biotic	or	abiotic	properties.
The	PLS-PMs	for	the	community	experiment	did	not	explain	net	
ecosystem	exchange	(Figure	7a).	However,	plant	communities	with	
higher	shoot	dry	weight	had	higher	mean	rates	of	ecosystem	respira-
tion	(0.36;	R2	=	0.13).	Additionally,	in	both	community	models,	shoot	
N	concentration	and	the	shoot	C	to	N	ratio	collectively	affected	soil	
properties	(0.07,	Figure	7)	indirectly	via	their	collective	influence	of	
root	C,	root	N	and	the	root	C	to	N	ratios	(0.19),	and	in	turn	via	their	
influence	on	the	soil	microbial	community	(0.17).	Plant	communities	
with	higher	leaf	N	had	higher	root	N	concentrations,	which	was	asso-
ciated	with	soil	microbial	communities	with	lower	microbial	biomass	
C	 to	 N	 ratios	 and	 greater	 fungal	 and	 bacterial	 abundance.	 These	
microbial	community	attributes	resulted	in	soils	with	higher	total	C	
and	N	and	higher	NO3-N	concentrations.	Finally,	PLS-PMs	that	at-
tempted	to	predict	above-ground	productivity	(i.e.	shoot	dry	weight)	
were	not	significant,	nor	were	models	that	attempted	to	predict	net	
ecosystem	exchange	and	ecosystem	respiration	using	PFG	in	place	
of	resource	economic	traits	(data	not	shown).
4  | DISCUSSION
Here,	we	 assessed	 relationships	 between	 leaf	 and	 root	 traits,	 soil	
properties	 and	 ecosystem	 C	 fluxes	 in	 temperate	 grassland,	 and	
found	similar	patterns	of	trait	covariation	above-	and	below-ground	
in	monocultures	and	mixed	communities.	In	both	monocultures	and	
communities,	we	found	that	leaf	traits	were	generally	weak	predic-
tors	of	root	traits,	but	that	some	leaf	and	root	traits	were	significant	
predictors	of	soil	properties.	We	found	that	plant	traits	were	mod-
erate	 predictors	 of	 ecosystem	C	 fluxes	 (i.e.	 ecosystem	 respiration	
and	net	ecosystem	exchange)	 in	monocultures,	primarily	 indirectly	
through	their	 influence	on	shoot	biomass.	However,	 in	mixed	spe-
cies	 plots,	 net	 ecosystem	 exchange	 was	 unrelated	 to	 plant	 traits	
and	soil	properties,	 and	ecosystem	 respiration	was	best	predicted	
by	shoot	biomass.	These	findings	show	that	while	relationships	be-
tween	plant	traits,	soil	properties,	and	C	fluxes	in	monocultures	and	
mixed	communities	shared	some	commonalities	(e.g.	between	tissue	
N	and	labile	soil	N),	they	were	relatively	few	and	often	weak.	Below,	
we	discuss	our	findings	and	their	significance	for	making	predictions	
about	plant	trait	relationships	to	ecosystem	processes.
In	partial	support	of	our	first	hypothesis,	we	found	the	primary	
axes	of	shoot	and	root	trait	covariation	were	underpinned	by	tissue	
C	and	N	concentrations	in	both	the	monocultures	and	communities.	
In	contrast	 to	prior	 studies	 (e.g.	Freschet	et	al.,	2010,	Craine,	Lee,	
Bond,	Williams,	&	Johnson,	2005),	only	15%	and	10%	of	the	varia-
tion	in	the	root	axis	was	explained	by	the	leaf	axis	in	the	monocul-
tures	and	communities,	 respectively.	 Such	weak	 linkages	between	
shoot	and	root	traits	could	be	due	to	the	narrower	functional	range	
of	species	considered	(i.e.	all	species	were	herbaceous).	Interestingly,	
leaf	N	was	orthogonal	to	SLA	in	the	field	communities,	but	these	two	
traits	were	positively	related	in	the	monocultures	(Figure	S2a,c).	This	
may	be	because	 in	 the	monocultures,	 individual	 species	 showed	a	
more	coordinated	response	between	above-	and	below-ground	or-
gans	due	to	a	lack	of	interspecific	competition	or	other	confounding	
factors	 (e.g.	more	complex	 soil	 abiotic	and	biotic	 conditions)	pres-
ent	 in	 the	mixed	field	communities.	Nonetheless,	 the	coordination	
of	 leaf	 and	 root	 C	 and	N	 in	 both	monocultures	 and	 communities	
supports	 prior	 observations	 of	 integrated	 leaf	 and	 root	 resource	
F I G U R E  5  Relationships	between	leaf	and	root	traits	with	selected	soil	properties	in	the	40	mixed	community	plots	(a-h).	Treatments	
are	shown	as	black	=	control,	red	=	grasses,	blue	=	forbs,	green	=	legumes,	purple	=	grasses	+	forbs,	orange	=	grasses	+	legumes,	
yellow	=	forbs	+	legumes,	grey	=	grasses	+	forbs	+	legumes.	SRL	TIN—total	inorganic	nitrogen	(NO3-N	and	NH4-N).	Full	regression	matrix	of	
trait—soil	relationships	is	shown	in	Table	S10
(a) (b) (c) (d)
(e) (f) (g) (h)
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F I G U R E  6  Partial	least-squares	path	models	showing	the	relationships	between	leaf	and	root	traits,	soil	properties,	microbial	community	
attributes,	above-ground	biomass	and	(a)	net	ecosystem	exchange	(GoF	index	0.470)	and	(b)	ecosystem	respiration	(GoF	index	0.418)	in	
monocultures	of	25	temperate	grassland	species.	Reflective	LVs	(black	ovals)	are	indicated	by	measured	variables	(grey	boxes)	with	their	
respective	loadings	shown.	The	width	of	the	arrows	indicates	the	strength	of	the	causal	relationships	supplemented	by	standardized	path	
coefficients	(*p < 0.05; **p < 0.01; ***p	<	0.001).	R2	values	indicate	the	explained	variance	of	response	variables.	To	meet	the	requirements	
of	unidimensionality,	the	indicator	variables	in	(a)	shoot	C:N,	root	N	and	net	ecosystem	exchange,	and	in	(b)	shoot	C:N	and	root	N	were	
multiplied	by	negative	one.	See	Methods	S1	for	details	on	model	selection	procedure
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strategies	and	a	potential	whole-plant	economic	spectrum	(Freschet	
et	 al.,	 2010;	 Pérez-Ramos	 et	 al.,	 2012;	 Reich,	 2014).	 However,	 in	
both	the	monocultures	and	the	communities,	SRL	and	root	diameter	
were	not	related	to	leaf	and	root	N,	forming	a	second	independent	
dimension	of	root	trait	variation.	A	similar	secondary	dimension	of	
root	trait	variation	was	recently	observed	 in	a	broad	range	of	tree	
species	 (Kramer-Walter	 et	 al.,	 2016)	 and	 Ma	 et	 al.	 (2018)	 found	
that	at	the	global	 level	root	traits	do	not	follow	the	same	patterns	
observed	 in	 above-ground	 traits.	 Together	with	 our	 observations,	
these	results	support	the	hypothesis	that	root	traits	are	multidimen-
sional	(Weemstra	et	al.,	2016),	reflecting	the	greater	potential	range	
of	root	trait	combinations	necessary	to	enhance	plant	fitness	under	
different	environmental	conditions	(Bardgett,	2017;	Laliberté,	2017;	
Laughlin,	2014;	Zemunik,	Turner,	Lambers,	&	Laliberté,	2015).
Our	second	hypothesis	was	partially	supported:	some	relation-
ships	between	plant	traits	and	soil	properties	in	monocultures	and	
F I G U R E  7  Partial	least-squares	path	models	showing	the	relationships	between	leaf	and	root	traits,	soil	properties,	microbial	community	
attributes,	above-ground	biomass	and	(a)	net	ecosystem	exchange	(GoF	index	0.4623)	and	(b)	ecosystem	respiration	(GoF	index	0.4383)	in	
mixed	grassland	communities.	Reflective	LVs	(black	ovals)	are	indicated	by	measured	variables	(grey	boxes)	with	their	respective	loadings	
shown.	The	width	of	the	arrows	indicates	the	strength	of	the	causal	relationships	supplemented	by	standardized	path	coefficients	(*p < 0.05; 
**p < 0.01; ***p	<	0.001).	R2	values	indicate	the	explained	variance	of	response	variables.	To	meet	the	requirements	of	unidimensionality,	
the	indicator	variables	in	(a)	shoot	C:N,	root	C:N	and	microbial	C:N	and	in	(b)	shoot	C:N,	root	C,	microbial	C:N	and	total	bacterial	PLFA	were	
multiplied	by	negative	one.	See	Methods	S1	for	details	on	model	selection	procedure
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mixed	 communities	 were	 similar.	 In	 monocultures,	 we	 found	 that	
shoot	 and	 root	C	 and	N,	 as	well	 as	 SLA	and	RDMC,	were	moder-
ate	 predictors	 of	 soil	 inorganic	 N,	 while	 shoot	 traits	 such	 as	 SLA	
and	shoot	N	predicted	the	soil	 fungal	 to	bacterial	 ratio,	which	has	
been	linked	to	soil	properties,	such	as	N	retention,	in	grassland	soils	
(Bardgett	&	McAlister,	1999;	Orwin	et	al.,	2010;	de	Vries	et	al.,	2012).	
In	communities,	shoot	N	predicted	soil	concentrations	of	inorganic	
N,	 as	 in	 the	monocultures,	but	 there	was	a	 stronger	 link	between	
root	 traits	 and	 soil	 properties.	 For	 example,	 bacterial	 and	 fungal	
PLFAs	were	better	predicted	by	root	N	in	the	communities	than	in	
the	monocultures	(Figure	5f,	g).	This	finding	may	be	due	to	competi-
tion	for	soil	resources	in	the	field	(as	compared	to	the	monocultures),	
potentially	 leading	 to	 tighter	 associations	 between	 root	 traits	 and	
the	soil	microbial	community	(Hortal	et	al.,	2017).	Furthermore,	the	
PLS-PMs	showed	contrasts	in	the	relationships	between	plant	traits	
and	 soil	 abiotic	 and	 biotic	 properties	 between	 monocultures	 and	
communities.	In	the	monocultures,	links	were	detected	between	leaf	
traits	and	soil	abiotic	properties,	as	well	as	between	root	nutrients	
and	 the	microbial	 community	 (Figure	6).	This	 supports	other	work	
that	has	shown	strong	links	between	plant	traits	and	soil	properties	
in	monocultures	(Orwin	et	al.,	2010;	Thion	et	al.,	2016)	and	in	meso-
cosm	experiments	(Milcu	et	al.,	2014;	de	Vries	&	Bardgett,	2016).	In	
field	communities,	leaf	traits	were	poor	predictors	of	soil	properties,	
but	the	link	between	root	nutrients	and	the	soil	microbial	community	
was	maintained	(Figure	7).	This	is	likely	because	plant	root	traits	as-
sociated	with	C	and	N	cycling	influence	nutrient	availability	for	soil	
microbial	communities	in	grasslands	(Legay	et	al.,	2014).
Overall,	root	traits	were	weak	predictors	of	soil	abiotic	proper-
ties	in	communities.	This	could	be	for	a	number	of	reasons.	For	in-
stance,	the	relatively	low	variation	in	soil	properties	within	the	field	
site	may	have	led	to	species	with	similar	traits	occupying	the	avail-
able	 niche	 space	 (Kumordzi	 et	 al.,	 2015).	 Indeed,	 previous	 studies	
that	have	identified	relationships	between	root	traits	and	soil	prop-
erties	 at	 a	 community	 level	have	done	 so	across	 sites	with	 strong	
divergence	in	plant	traits	and	soil	properties	(Freschet	et	al.,	2010;	
Legay	et	al.,	2014;	Pérez-Ramos	et	al.,	2012).	It	is	also	possible	that	
root	traits	may	have	become	more	similar	in	the	field	due	to	biotic	
interactions	 generating	 interspecific	 trait	 convergence	 (Gubsch	 et	
al.,	2011),	or	that	the	influence	of	root	traits	may	have	been	limited	
to	the	rhizosphere,	whereas	we	sampled	the	bulk	soil;	this	may	have	
masked	certain	linkages	between	root	traits	and	soil	properties.	Less	
commonly	reported	traits,	including	phenological	traits,	might	cap-
ture	differences	in	temporal	resource	use	(Ebeling	et	al.,	2014)	that	
may	allow	plants	 to	compete	despite	overlap	between	other	 func-
tional	traits.	Our	findings	show	that	despite	linkages	between	shoot	
and	root	traits	and	soil	properties	 in	monocultures,	many	of	these	
relationships	do	not	translate	to	parallel	influences	on	soil	properties	
at	the	community	level,	which	highlights	the	need	to	better	under-
stand	the	mechanisms	underpinning	these	relationships.
Our	 third	 hypothesis	was	 also	 partially	 supported:	 plant	 traits	
and	soil	properties	helped	predict	C	fluxes	in	monocultures,	but	not	
in	mixed	communities.	When	grown	 in	monoculture,	 leaf	and	 root	
traits	either	directly	or	indirectly	predicted	net	ecosystem	exchange	
and	ecosystem	respiration,	and	shoot	biomass	was	also	a	strong	pre-
dictor.	The	relationships	detected	between	plant	traits	and	C	fluxes	
were	likely	due	to	the	strong	conditioning	effects	plants	exerted	on	
the	soil	in	the	pots	over	the	2	years	of	the	monoculture	experiment.	
In	contrast,	in	the	communities,	net	ecosystem	exchange	and	above-
ground	productivity	were	not	predicted	by	plant	traits	or	functional	
groups,	and	the	best	predictor	of	ecosystem	respiration	was	shoot	
biomass.	In	both	monocultures	and	communities,	soil	microbial	com-
munity	did	not	explain	C	fluxes,	even	though	plant	identity	can	con-
trol	soil	microbial	community	composition	in	this	grassland	(Leff	et	
al.,	2018).	The	lack	of	influence	of	the	soil	microbial	community	on	
C	fluxes	is	possibly	due	to	high	functional	redundancy	in	microbial	
communities	 (Persiani,	Maggi,	Montalvo,	Casado,	&	Pineda,	2008).	
Interestingly,	 shoot	 biomass	was	 a	 strong	 predictor	 of	 ecosystem	
respiration	in	both	the	monocultures	and	mixed	communities,	and	of	
net	ecosystem	exchange	in	monocultures.	This	may	be	because	the	
total	biomass	of	the	plant	community	is	the	overriding	driving	force	
behind	grassland	C	fluxes,	given	that	plants	are	the	primary	source	
of	C	fixation	via	photosynthesis.
The	absence	of	relationships	between	plant	traits,	soil	properties	
and	ecosystem	C	fluxes	in	our	field	communities	contrasts	with	other	
studies	that	have	shown	plant	traits	to	predict	grassland	soil	proper-
ties	and	ecosystem	function	(Grigulis	et	al.,	2013;	Legay	et	al.,	2016;	
Manning	et	al.,	2015;	Milcu	et	al.,	2014).	However,	these	studies	ei-
ther	considered	plant	communities	with	artificially	high	variation	in	
trait	values	(Milcu	et	al.,	2014)	or	communities	that	were	highly	vari-
able	 due	 to	 strongly	 contrasting	 environmental	 gradients	 (Grigulis	
et	 al.,	 2013;	 Legay	et	 al.,	 2016;	Manning	et	 al.,	 2015).	The	 lack	of	
relationships	between	CWM	traits,	 soil	properties,	and	ecosystem	
C	fluxes	in	our	study	may	reflect	 limited	changes	to	the	functional	
attributes	of	the	plant	communities	generated	by	the	PFG	addition	
treatments,	where	only	CWM	shoot	N	was	affected.	Nevertheless,	
variation	 of	 some	 traits	 across	 individual	 plots	was	 relatively	 high	
(e.g.	 SLA	 25.79	 to	 41.73	mm2/mg;	 SRL	 41.7–106.4	m/g)	 and	 com-
parable	to	the	extent	of	trait	variation	reported	 in	prior	studies	of	
grasslands	across	 larger	spatial	 scales.	For	example,	de	Vries	et	al.	
(2012)	observed	CWM	SLA	to	vary	from	17.6	to	35.1	mm2/mg	for	a	
range	of	grassland	types	across	England,	while	Grigulis	et	al.	(2013)	
recorded	a	range	 in	CWM	SLA	from	5	to	25	mm2/mg	across	mon-
tane	grasslands	in	three	geographically	distinct	locations	in	Europe.	
Furthermore,	across	a	2000-km	regional	transect	in	Inner	Mongolia,	
Cheng,	Chu,	Chen,	Bai,	and	Niu	(2016)	measured	a	breadth	of	vari-
ation	in	CWM	SRL	from	1	to	91	m/g.	As	such,	the	gradients	of	trait	
variation	 in	our	 field	 communities	were	 reasonably	 representative	
of	 those	 found	 in	other	studies	at	much	 larger	scales,	 thereby	en-
abling	us	to	test	our	hypotheses	on	links	between	above-	and	below-
ground	traits,	soil	properties	and	ecosystem	C	fluxes.
Despite	high	variation	in	some	plant	traits	at	the	plot	level,	the	lim-
ited	extent	of	the	functional	variation	across	field	plant	community	
treatments	probably	 reflects	 the	 relatively	 short	 timeframe	of	our	
experiment.	 It	 likely	also	reflects	that	our	experimental	plots	were	
not	pretreated	 (i.e.	 tilled	or	 sprayed	with	herbicide)	prior	 to	 seed-
ing	 and	 planting,	which	 is	 consistent	with	 biodiversity	 restoration	
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practice	 in	 agriculturally	 improved	 grasslands	 (Smith	 et	 al.,	 2008).	
Furthermore,	 variation	 in	 factors	 such	plant	 age,	plant–plant	 com-
petition	and	soil	properties	across	plots	may	have	masked	relation-
ships	between	traits	and	ecosystem	function	(Funk	et	al.,	2017),	as	
might	also	legacy	effects	of	previous	land	management	on	soil	prop-
erties	(i.e.	fertilization	regimes).	Our	experimental	plots	had	species	
richness	ranging	from	16	to	42,	with	a	mean	of	27	species	per	plot	
(Figure	S6),	which	is	well	above	the	median	number	of	species	typ-
ically	 found	 in	manipulative	grassland	experiments	 (Roscher	et	 al.,	
2004;	Spehn	et	al.,	2005;	Tilman	et	al.,	2001).	Therefore,	the	number	
of	 species	present	 in	 this	 system	may	be	beyond	a	critical	 thresh-
old	where	any	further	changes	in	plant	trait	diversity	can	impact	on	
ecosystem	 processes.	 This	 finding	 has	 important	 implications	 for	
restoration	practices	where	 there	 is	 a	 growing	 consensus	 that	 re-
lationships	between	functional	traits	and	ecosystem	processes	can	
guide	 restoration	 of	 grassland	 (Zirbel,	 Bassett,	 Grman,	&	Brudvig,	
2017;	Zuo	et	al.,	2016).	However,	much	of	 this	evidence	concerns	
restoration	from	fields	that	had	markedly	different	management	or	
land-use	histories	(e.g.	crop	production	or	dunes).	By	contrast,	our	
study	 shows	 that	 manipulation	 of	 plant	 species	 diversity	 and/or	
functional	traits	is	unlikely	to	facilitate	restoration	of	extant	grass-
land	to	promote	ecosystem	services	related	to	C	cycling,	at	least	in	
the	short	 term,	and	highlights	 the	need	to	develop	more	effective	
restoration	tools	for	these	circumstances.
In	 conclusion,	 despite	 detecting	 some	 similar	 relationships	 be-
tween	 leaf	and	root	traits	and	soil	properties	 in	monocultures	and	
mixed	 species	 plots,	 relationships	 were	 fewer,	 weaker	 and	 often	
different,	 in	mixed	communities.	 In	 the	field	communities,	we	also	
found	that	many	of	the	most	widely	measured	plant	functional	traits	
were	not	related	to	observed	variation	in	key	components	of	ecosys-
tem	CO2	 flux,	 specifically	net	ecosystem	exchange	and	ecosystem	
respiration.	This	 finding	suggests	 that	broad	scale	patterns	 linking	
functional	 traits	 to	 ecosystem	 processes	 might	 not	 hold	 at	 local	
scales	 (Messier,	 Lechowicz,	 McGill,	 Violle,	 &	 Enquist,	 2017).	 This	
could	be	due	to	a	high	overlap	in	plant	trait	functioning	that	confers	
functional	redundancy	within	our	grassland	site,	and/or	 it	 is	possi-
ble	that	more	time	was	needed	before	changes	in	plant	community	
trait	composition	result	in	significant	changes	to	ecosystem	C	fluxes.	
However,	our	 results	also	demonstrate	that	 realistic	species	diver-
sity	manipulations	 at	 local	 scales	 do	 not	 necessarily	 lead	 to	 rapid	
changes	 in	 soil	 properties	 that	 are	 typically	 seen	 in	more	artificial	
plant	diversity	grassland	experiments	both	in	the	field	and	in	meso-
cosms	(Milcu	et	al.,	2014;	Roscher	et	al.,	2004;	Tilman	et	al.,	2001).	
Collectively,	 our	 results	 from	 a	 single	 grassland	 demonstrate	 that	
while	plant	traits	can	be	used	to	predict	certain	soil	properties	and	
ecosystem	functions	in	monocultures,	they	may	be	less	effective	for	
predicting	how	changes	in	plant	species	composition	influence	soil	
properties	and	ecosystem	C	fluxes	in	mixed	communities.
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